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Recently, mutations in ZFHX1B, the gene that encodes Smad-interacting protein-1 (SIP1), were found to be im-
plicated in the etiology of a dominant form of Hirschsprung disease–mental retardation syndrome in humans. To
clarify the molecular mechanisms underlying the clinical features of SIP1 deficiency, we generated mice that bear
a mutation comparable to those found in several human patients. Here, we show that Zfhx1b-knockout mice do
not develop postotic vagal neural crest cells, the precursors of the enteric nervous system that is affected in patients
with Hirschsprung disease, and they display a delamination arrest of cranial neural crest cells, which form the
skeletomuscular elements of the vertebrate head. This suggests that Sip1 is essential for the development of vagal
neural crest precursors and the migratory behavior of cranial neural crest in the mouse. Furthermore, we show
that Sip1 is involved in the specification of neuroepithelium.
Hirschsprung disease (aganglionic megacolon) is the most
common (1/4,500 live births) human congenital neuro-
cristopathy affecting the innervation of the gut. Hetero-
zygous deletions or mutations in ZFHX1B (GenBank
accession number NM_015753, for the mouse homo-
logue), which encodes Smad-interacting protein-1
(SIP1), are implicated in the etiology of Hirschsprung
disease–mental retardation syndrome (MIM 235730)
(Amiel et al. 2001; Cacheux et al. 2001; Wakamatsu et
al. 2001; Yamada et al. 2001; Zweier et al. 2002), a
syndromic form of Hirschsprung disease associated with
multiple congenital anomalies, such as mental retarda-
tion, facial dysmorphology, and heart disease. SIP1, like
dEF1 (Funahashi et al. 1993), is a zinc finger and hom-
eodomain containing transcription factor that exerts a
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repressive activity by binding by binding to CACCT se-
quences in regulatory elements of candidate target genes
(Remacle et al. 1999; Verschueren et al. 1999) (fig. 1A).
Accordingly, the E-cadherin gene has recently been
shown to be a direct target of SIP1, at least in cultured
epithelial cells (Comijn et al. 2001). To study, in an an-
imal model system, the role of ZFHX1B in the etiology
of the anomalies in patients with Hirschsprung dis-
ease–mental retardation syndrome, we generated mice
deficient in Sip1 (Higashi et al. 2002).
At embryonic day (E) 8.5, two major populations of
cells express Sip1 mRNA. One is the neuroepithelium,
where expression levels closely follow the maturation of
the neural plate (fig. 1B and 1D). Sip1 transcripts are
lacking from rhombomeres 3 (r3) and 5 (r5), as analyzed
by double in situ hybridization with the r3- and r5-
specific transcription factor Krox20 (data not shown).
Another embryonic tissue expressing Sip1 mRNA is the
neural crest. High levels of Sip1 transcripts are seen in
premigratory and migrating neural crest cells of cranial
(fig. 1C and 1D) and postotic vagal origin (fig. 1C) and
in the branchial arch mesenchyme (fig. 1D).
Constitutive deletion of exon 7 fromZfhx1b generates
a null allele in the mouse and is conceptually comparable
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Figure 1 Expression of Sip1 mRNA in the mouse embryo at E8.5. A, The proposed model for transcriptional repression of target genes
by SIP1 whereby each target CACCT(G) sequence in a spaced bipartite binding site would be bound by one zinc finger cluster of the repressor
monomer (Remacle et al. 1999). The mutations in human ZFHX1B that are so far identified as causes of Hirschsprung disease–mental retardation
syndrome are represented by colored stars and are compared with the mouse Zfhx1b Dexon 7 mutation described here (Higashi et al. 2002).
B, Dorsal view, at E8.5, of an embryo hybridized with the Sip1 probe (NM_015753) (bp 335–2950), according to the procedure of Wilkinson
(1992). Sip1 mRNA is expressed in the neuroepithelium of headfolds, neural tube, and, to a lesser extent, in the prospective neural plate. C,
Lateral view of an embryo at E8.5. High levels of Sip1 mRNA are observed in premigratory and migrating neural crest cells of cranial and
postotic vagal origin. Cranial neural crest cells show a segmentally restricted pattern, with absence of Sip1 transcripts in r3 and r5, known to
be depleted from neural crest cells (Smith and Graham 2001). A distinct domain of Sip1 expression is seen at the anterior end of the presomitic
mesoderm. D, Transverse section of a Sip1 in situ hybridization at the level of the first branchial arch. Note expression in the neuroepithelium,
premigratory and migrating neural crest cells, and the branchial arches. ba p branchial arches; cnc p cranial neural crest cells; fg p foregut;
HD p homeodomain; hf p ; ne p neuroepithelium; pnc p premigratory neural crest; pnp p prospective neural plate; psm p presomitic
mesoderm; SBD p Smad-binding domain; vr p vagal region; Zn-C p C-terminal zinc finger cluster C; Zn-N p N-terminal zinc finger.
to nearly all mutations found in human patients in whom
frame-shift mutations lead to truncation of the protein
(see fig. 1A) (Higashi et al. 2002). Homozygous mutant
embryos exhibited defects from E8.5 on. The neural tube
failed to close, a sharp boundary between the neural
plate and the rest of the ectoderm was absent, and the
first branchial arch was missing (fig. 2A and 2B). Ho-
mozygous mutant embryos were severely retarded in
their growth by E9.5, did not undergo embryonic turn-
ing, and then died.
Neural crest cells emerge at the dorsal part of the
closing neural plate, and their developmental potential
and fate have initially been studied intensively by using
quail neural crest transplantation into chick embryos.
On the basis of their area of origin along the antero-
posterior axis and the structure to which these cells give
rise, four functional segments are often discriminated in
avian embryos, and this division has been extrapolated
to mouse embryos. The cranial or cephalic segment ex-
tends from the diencephalon to the first somite and gives
rise to craniofacial mesenchyme that forms the cartilage,
bone, cranial neurons, glia, and connective tissues of the
face. Cells from this segment also enter the pharyngeal
arches to give rise to thymic cells, odontoblasts of the
tooth primordia, and the cartilage of the inner ear and
jaw. The vagal neural crest cells originate, in the mouse
embryo, at the level of somites 1–7 and form the muscle
and connective tissue of the large arteries and the heart
septum and, together with neural crest cells from the
sacral segment (which is located posterior to somite 28),
the parasympathetic (enteric) ganglia of the gut. The
trunk neural crest cells (at the level of somites 8–28) give
rise to the sensory and sympathetic ganglia, Schwann
cells, the adrenal medulla, aortic nerve clusters, and the
melanocytes of the skin.
Visualization of neural crest cells at E8.5, by use of
Sox10 in situ hybridization, showed that in normal em-
bryos the cranial neural crest cells emigrated from the
neural ridge and followed ventrolateral routes (fig. 2C,
2E, and 2G). In homozygous Zfhx1b mutants, the cra-
nial crest cells did form, but the cells remained clustered
at the junctional zone between the neural and surface
ectoderm, without significant migration (fig. 2D, 2F, and
2H). This early arrest in cranial neural crest cell migra-
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Figure 2 Analysis of cranial neural crest cells in wild-type and Zfhx1b-knockout embryos. A and B, Lateral view of the head region of
E8.5 embryos hybridized with the Twist probe (Fuchtbauer 1995). Note the reduced Twist mRNA expression in the head mesenchyme and the
absence of the first branchial arch (black arrow) in the knockout embryos (B). C and D, Sox10 mRNA expression at E8.5 (lateral view, probe
[MMU66141]; bp 1194–2064). In wild-type embryos, Sox10-expressing trigeminal or facial neural crest cells are migrating (red arrow) from
the brain plate toward the maxillary component of the first and second branchial arches, respectively, whereas in the knockout embryo the
Sox10-positive cranial neural crest cells do not delaminate at the junctional zone between the neural and surface ectoderm. E–H, Radioactive
in situ hybridization (according to Dewulf et al. [1995]) for Sox10 in transverse sections taken at the level of the headfolds (E and F) and the
heart (at r4) (G and H). The sections show Sox10-positive crest cells that initiated migration in the morphologically wild-type embryos (black
arrow in G). In the knockout embryos, Sox10-positive neural crest cells do not delaminate nor do they initiate migration (black arrow in H).
I and J, Radioactive in situ hybridization for AP-2 (Zhang et al. 1996) on sections of the midbrain. In wild-type embryos, AP-2 is expressed
in ectoderm and in neural crest cells migrating from the cranial neural fold (circle in I). In the Zfhx1b-knockout littermates, AP-2-positive
migrating neural crest cells are never seen in this area (circle in J). ba p branchial arches; cnc p cranial neural crest; KOp knockout; WTp
wild type.
tion was confirmed by use of the cranial crest marker
geneAP-2 (fig. 2I and 2J) and the neural crest cell marker
Hfh2 (Labosky and Kaestner 1998) (data not shown).
Thus, we exclude a direct transcriptional effect of Sip1
on Sox10 in migrating neural crest cells, the latter gene
being implicated in Hirschsprung disease as well (Pin-
gault et al. 1998). Accordingly, a strong reduction of the
Twist-labeled neural crest population, which is abundant
in the first branchial arch region (fig. 2A and 2B), was
seen in the mutant embryos.
Another significant defect of the homozygous mutant
mouse embryos was the lack of Sox10-expressing neural
crest cells at the postotic vagal level (fig. 3A and 3B).
The loss of the vagal level neural crest was also con-
firmed by the lack of Msx1 expression from this region
in homozygous mutant mice (fig. 3C–3F). Msx1 is ex-
pressed in neural crest cells (Houzelstein et al. 1997) and
is indicative of functional bone morphogenetic protein
signaling, which has been shown elsewhere to be im-
portant in the production of neural crest cells (Liem et
al. 1995).
Since the neural tube never closes in the homozygous
mutant mouse embryos and since neural crest cell de-
velopment depends on interaction between neural plate
and ectoderm (Selleck and Bronner-Fraser 1995), it is
possible that the neural plate or the neuroepithelium is
affected in mutant embryos, which may result in the
impaired development of neural crest cells. Hence, we
investigated the authenticity of the neuroepithelium of
homozygous mutant embryos, using a number of marker
genes. One of these, Sox2, which is an early neural ec-
toderm marker known to be involved in early neuro-
genesis (Rex et al. 1997; Kishi et al. 2000), was severely
reduced in homozygous mutant embryos at E8.5 (fig.
4A and 4B). Sox3 expression was unaffected (fig. 4C
and 4D). E-cadherin gene expression, which is normally
down-regulated when the neuroepithelium differentiates
from the ectoderm (Hatta and Takeichi 1986), persisted
in the homozygous mutant neuroepithelium (fig. 4E and
4F). These observations suggest that the neural plate or
neuroepithelium of homozygous mutant mice is already
affected prior to dorsal closure or formation of neural
crest cells. This failure of generation (or maintenance)
of intact neural ectoderm may interfere with the for-
mation of the neural crest cells, as well as with the sep-
aration of the neural tube from the surface ectoderm.
The unprecedented finding that in vivo E-cadherin gene
expression is not appropriately repressed in the neuro-
epithelium by candidate repressors (i.e., Sip1, in this
case) in these mutant Zfhx1b-knockout mice is consis-
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Figure 3 Vagal neural crest cell development in wild-type and Zfhx1b-knockout embryos. A and B, Dorsal view of the head region of
E8.5 embryos hybridized for Sox10. Sox10 expression is lost from the postotic vagal region in the Zfhx1b-knockout embryos (B). C–F, Dorsal
view of wild-type and Zfhx1b-knockout embryos hybridized with the Msx1 probe (Hill et al. 1989). Msx1 is expressed in cranial and trunk
neural crest precursors and tail bud. Zfhx1b-knockout embryos are devoid of Msx1 expression in the postotic vagal region. ba p branchial
arches; KO p knockout; lb p limb bud; vr p vagal region; WT p wild type.
tent with the proposed role of SIP1 in active repression
of E-cadherin, which was based on DNA-binding studies
of SIP1 and documentation of SIP1-induced loss of E-
cadherin in cultured epithelial cells (Remacle et al. 1999;
Comijn et al. 2001).
Heterozygous mutant animals (in the predominantly
CD1 genetic background used in the present study) so
far do not develop aganglionic phenotypes analogous to
those in the majority of patients with Hirschsprung dis-
ease–mental retardation syndrome, although the latter
syndrome is caused by haploinsufficiency of ZFHX1B.
This lack of phenotype is consistent with other mouse
models for Hirschsprung disease–causing genes that, un-
like in humans, fail to give an aganglionic phenotype
when heterozygous (Wartiovaara et al. 1998). Nonethe-
less, the embryonic phenotype of homozygous Sip1 mu-
tant embryos, as documented here, turns out to be in-
strumental to the clarification of many aspects of the
Hirschsprung disease–mental retardation syndrome. The
complete lack of vagal neural crest precursor cells in
homozygous Sip1 mutant embryos reflects the depen-
dence of these precursors on Sip1 activity for their nor-
mal development. It is tempting to speculate that SIP1
haploinsufficiency in humans leads to the generation of
far fewer vagal neural crest cell precursors and, as a
consequence, to varying degrees of failure to fully col-
onize the gastrointestinal tract from its anterior end. De-
velopmental defects in the neural crest from this region
may explain the high frequency of heart defects in pa-
tients with Hirschsprung disease–mental retardation
syndrome (Amiel et al. 2001; Yamada et al. 2001).
Hirschsprung disease–mental retardation syndrome is
not always associated with an aganglionic colon phe-
notype (Yamada et al. 2001). The discrepancy between
our observation showing the complete lack of vagal neu-
ral crest precursors in homozygous Zfhx1b Dexon 7
CD1 mice and the incomplete penetrance of the mega-
colon phenotype associated with ZFHX1B haploinsuf-
ficiency in humans may be due to the nature or size of
the gene deletion in the individual patients. Also, the
variability of (and resistance to) some clinical conse-
quences of SIP1 haploinsufficiency observed in human
patients may depend on nonallelic association with low-
penetrance modifier alleles that might contribute to the
modification of the expression or function of ZFHX1B
or on noncoding polymorphisms in the human popu-
lation (e.g., in the regulatory elements of ZFHX1B or
of direct targets of SIP1). To dissect the genetic deter-
minants that contribute to the variable penetrance and
expressivity of the aganglionosis observed in patients
with Hirschsprung disease, it may be interesting, in fu-
ture studies, to analyze the heterozygous Zfhx1b mouse
mutation on genetic backgrounds with an increased sus-
ceptibility to aganglionosis (Southard-Smith et al. 1999).
Another important aspect of the Zfhx1b-knockout
mice is the attenuation of the migration of cranial neural
crest cells. Expression of the a4-integrin gene (Pinco et
al. 2001), a putative target gene for proteins of the
ZFHX1 family (Postigo et al. 1997; Remacle et al.
1999), was not affected in the mutant neural crest cells
(data not shown). It remains to be determined whether
the dysregulation of E-cadherin gene expression is also
involved in this migration defect. Cranial neural crest
forms craniofacial cartilage, bone, and facial connective
tissue. Therefore, this migration defect may provide ad-
ditional clues to the etiology of the distinctive facial fea-
tures and wide nasal bridge routinely observed in pa-
tients with Hirschsprung disease–mental retardation
syndrome. Finally, the aberrant regulation of E-cadherin
gene expression in the neural ectoderm and the decreased
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Figure 4 Altered expression of Sox2 and E-cadherin in homozygous Zfhx1b-knockout embryos at E8.5. A and B, Radioactive in situ
hybridization in transverse sections for Sox2 (Wood and Episkopou 1999). Sox2 is significantly down-regulated in the neural epithelium of
knockout embryos, compared with wild-type littermates. The sections shown are at the level of the presomitic mesoderm. C and D, Sox3
expression (Wood and Episkopou 1999) is unaffected in the Zfhx1b-knockout embryos. E and F, E-cadherin (Shimamura et al. 1994) is expressed
in the neural ectoderm of Zfhx1b-knockout embryos, although it is turned off in the neuroepithelium of wild-type embryos. The ectopic E-
cadherin expression also occurs in the visceral endoderm, which normally expresses Sip1 (data not shown). Knockout embryos often display
tubules or small spheres, which may reflect epithelial blisters at the border between the surface ectoderm and the neuroepithelium. dap dorsal
aorta; KO p knockout; ne p neuroepithelium; psm p presomitic mesoderm; se p surface ectoderm; ve p visceral endoderm; vr p vagal
region; WT p wild type.
expression of the neural transcription factor Sox2 may
be relevant to neurological problems in patients with
Hirschsprung disease–mental retardation syndrome, be-
cause these genes, as well as SIP1 (Yamada et al. 2001),
are also highly expressed in the adult CNS (Gure et al.
2000) and because E-cadherin mRNA is known to have
a specific architectural expression pattern in the brain
(Shimamura and Takeichi 1992).
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